property of mossy fiber to CA3 pyramidal cell synapses is the extensive short-term facilitation during high-frequency bursts. We investigated the mechanisms governing facilitation using a combination of whole-cell electrophysiological recordings, electrical minimal stimulation, and random-access two-photon microscopy in acute mouse hippocampal slices. Two distinct presynaptic mechanisms were involved in short-term facilitation, with their relative contribution dependent on extracellular calcium concentration. 
Introduction
Hippocampal mossy fiber (MF) axons innervate CA3 pyramidal cells via complex presynaptic terminals comprising a large number of release sites (Amaral and Dent, 1981; Chicurel and Harris, 1992; Acsády et al., 1998; Rollenhagen et al., 2007) . Although the initial release probability of glutamate at this synapse is low (Jonas et al., 1993; von Kitzing et al., 1994; Lawrence et al., 2004) , postsynaptic responses show a remarkable degree of short-term facilitation during repetitive activation of MF inputs (Regehr et al., 1994; Salin et al., 1996; Toth et al., 2000; Lawrence et al., 2004) . MFs are also referred to as conditional "detonator" synapses because a single granule cell is capable of triggering action potentials (APs) in postsynaptic pyramidal cells during increased activity . These data demonstrate that the probability of neurotransmitter release from large MF terminals can vary widely depending on the activity levels of granule cells. Increases in the probability of neurotransmitter release can be explained by an increase in the number of vesicles available for release, a change in the mode of release, or by altered calcium dynamics (Schneggenburger et al., 2002; Burnashev and Rozov, 2005; Scott and Rusakov, 2006) . In this report, we investigate the mechanisms responsible for the increased mobilization of release-ready vesicles in MF terminals during short bursts, leading to short-term facilitation.
The strength of synaptic responses can be altered by the amount of neurotransmitter released from presynaptic terminals and is determined by the number of functional connections and the release probability. In addition, changes in the number of vesicles that are released per AP can also alter synaptic strength. Multivesicular release is primarily influenced by the release probability ( p) at the time of release (Christie and Jahr, 2006) . This suggests that any alteration in the p, such as it occurs within stimulus trains, could potentially influence the number of vesicles that are released per APs (Satake et al., 2012) .
Endogenous Ca 2ϩ buffers and Ca 2ϩ release from internal stores influences frequency-dependent facilitation of MF-evoked signals (Scott and Rusakov, 2006; Scott et al., 2008; Vyleta and Jonas, 2014) . Loose coupling between calcium channels and calcium sensors endows endogenous Ca 2ϩ buffers with the capacity to decrease initial release probability. However, during train or short burst stimulations similar to the typical firing pattern of granule cells in vivo (Pernía-Andrade and Jonas, 2014) , progressive saturation of endogenous Ca 2ϩ buffers contributes to the rapid increase in intrabouton Ca 2ϩ concentration. In addition, calcium release from internal stores further increases presynaptic calcium transients at this synapse (Scott and Rusakov, 2006; Vyleta and Jonas, 2014) .
Overall, our findings reveal that MF terminals can dramatically increase the amount of glutamate released during repetitive firing by switching from univesicular to multivesicular release and an increase in the number of functional release sites. Alterations in local calcium dynamics support both mechanisms leading to the formation of heterogeneous calcium domains in a single terminal.
Materials and Methods
Slice preparation. All experiments involving animals were performed according to Animal Protection Committee of Laval University guidelines. Hippocampal slices (300 m) were obtained from P17-P25 wild-type C57BL/6 mice of either sex. Animals were anesthetized with isoflurane, and the brain was rapidly extracted and submerged in ice-cold oxygenated artificial CSF (ACSF) containing the following (in mM): 87 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO4, 1 MgCl 2 , 0.5 CaCl 2 , 25 glucose, and 75 sucrose, pH 7.4 (330 mOsm). After dissection of the brain to best preserve the MFs (Bischofberger et al., 2006) , slices were cut on a vibratome (VT1000S; Leica) and moved to a heated (32°C) and oxygenated solution containing the following (in mM): 124 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.2 MgCl 2 , 2.5 CaCl 2 , and 10 glucose, pH 7.4 (300 mOsm). Slices were allowed to recover for at least 30 min before beginning experiments and were kept at room temperature for additional use.
Electrophysiological recordings. Slices were transferred to a recording chamber under an upright microscope equipped with a 40ϫ objective and continuously perfused (2 ml/min) with heated (32-34°C) ACSF containing the following (in mM): 124 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.2 MgCl 2 , 2.5 CaCl 2 , 10 glucose, and 0.001 bicuculline methiodide, pH 7.4 (oxygenated with 95% O 2 and 5% CO 2 , 300 mOsm). For experiments performed in the low calcium condition, CaCl 2 was adjusted to 1.2 mM and MgCl 2 was increased to 2.5 mM to keep the concentration of divalent ions constant. Whole-cell voltage-clamp recordings were performed at Ϫ70 mV from visually identified CA3 pyramidal cells with glass electrodes containing the following (in mM): 130 CsMeSO 3 , 10 HEPES, 4 NaCl, 2 Mg 2 ATP, 0.3 NaGTP, 10 phosphocreatine, and 0.6 EGTA, pH 7.3 (295 mOsm); or 120 K-gluconate, 20 KCl, 10 HEPES, 2 MgCl 2 , 2 Mg 2 ATP, 0.3 NaGTP, 7 phosphocreatine, and 0.6 EGTA, pH 7.2 (295 mOsm). MFs were stimulated electrically in stratum lucidum with a glass micropipette connected to a constant-current stimulus isolator (A360; WPI). The pipette was moved until fast and facilitating EPSCs were found. The stimulation intensity was adjusted to obtain both successes and failures. MF origin of recorded input was confirmed by applying (2S,1ЈR,2ЈR,3ЈR)-2-(2,3-dicarboxycyclopropyl)-glycine (DCG-4; 1 M) at the end of the experiments. Cells in which EPSCs were inhibited by at least 80% were kept for analysis. Series resistance was not compensated (8 -22 M⍀) and was monitored with Ϫ10 mV pulses delivered in the end of each sweep. Cells with changes Ͼ20% in series resistance during recordings were discarded. Electrophysiological signal was acquired with an Axopatch 200B or 200A (Molecular Devices), low-pass filtered at 2 kHz, and digitized at 10 kHz with a Digidata 1322A or 1440A (Molecular Devices). The signal was recorded using the Clampex 9.0 or 11.0 software (Molecular Devices).
The following pharmacological compounds were used in the experiments: ␥-D-glutamylglycine (␥-DGG; 0.5 and 2 mM; Abcam), cyclopiazonic acid (CPA; 30 M; Sigma-Aldrich), thapsigargin (1 M; Sigma-Aldrich), EGTA-AM (100 M; Anaspec), DCG-4 (1 M; Tocris/R&D Systems), bicuculline methiodide (1 M; Sigma-Aldrich), and threo-␤-benzyloxyaspartic acid (TBOA; 10 M; Tocris/R&D Systems).
Random-access two-photon microscopy. A custom-built random-access multiphoton system (RAMP) identical to the system described by Otsu et al., (2008) was used in these experiments (Kaluti System). The RAMP setup was equipped with a titanium:sapphire pulsed laser (Chameleon Ultra; repetition rate, 80 MHz; pulse width, 140 fs; average power, Ͼ3.5 W; Coherent) tuned at 720 or 800 nm. Acousto-optic deflectors (A-A Opto-Electronics) provided fast redirection of the laser beam in the xy dimensions. The laser was focused through a high numerical aperture water-immersion 25ϫ objective (numerical aperture 0.95; Leica) under an upright microscope. Transmitted photons were collected through an oil condenser (numerical aperture 1.4). The detection pathway consisted of a low-pass 720 nm filter and a 580 nm dichroic mirror (Semrock) to separate the signal in "green" and "red" channels. Photons were bandpass filtered (500 -560 nm) in both the green and red channels (595-665 nm). Photons were detected with two cooled external AsGaP (H7422P-40) photomultiplier tubes (Hamamatsu). The lasers and the imaging systems were controlled using a homemade software written in Labview (Otsu et al., 2008) .
Two-photon glutamate uncaging and calcium imaging. Individual neurons were visually targeted for patch-clamp recordings using Dodt scanning gradient contrast. For glutamate uncaging experiments, the morphological dye Alexa Fluor-594 (20 -40 M; Life Technologies) was added to the recording solution and diffused passively in the recorded neurons for 10 min before scanning at 800 nm to acquire morphological images of the cell. Thorny excrescences were identified as large complex spines on the initial portion of CA3 pyramidal cell dendrites in the stratum lucidum. 4-Methoxy-7-nitroindolinyl-glutamate (MNI-Glu; 10 mM; Tocris/R&D Systems) was applied locally at ϳ20 m from the spine of interest. Oxygenated ACSF containing MNI-Glu was loaded into a broken patch pipette (opening of Ϯ10 m) and was puffed locally (2 psi, 5-15 ms) with a PicoSpritzer (Parker Instrumentation). Ten points were selected for uncaging close to the complex spine to mimic glutamate release from MF. The laser wavelength was switched to 720 nm for MNIGlu uncaging. Glutamate was uncaged for 100 s on each point, and the laser was rapidly redirected between points (6.5 s) for a total stimulation time of Ͻ1.1 ms. Five and ten uncaging-evoked EPSCs were generated at 20 or 50 Hz in bursts, repeated at 0.1 Hz.
For presynaptic calcium imaging, whole-cell current-clamp recordings were obtained from granule cells with a K-based pipette solution exempt of EGTA and supplemented with Alexa Fluor-594 (0.04 mM) and Oregon Green BAPTA-1 (OGB-1; 0.05 mM). To avoid perturbing physiological intracellular calcium dynamics, a low concentration of the calcium indicator was used (Goldberg and Yuste, 2004) . APs were evoked by short (2 ms) current injections (1-2 nA) in the recording pipette. Granule cells were passively filled with Alexa Fluor-594 and OGB-1 in the whole-cell configuration for 1 h before starting experiments. Granule cell axons were followed in CA3 using the fluorescence emitted by Alexa Fluor-594. The success rate of recording from a granule cell with an intact axon reaching the CA3 was 38%. Large axonal MF boutons were identified in CA3 based on their peculiar morphology. The z position was adjusted to be in the middle portion of the structure. Twenty to forty points were positioned on the bouton of interest. Single points were illuminated for 20 -50 s, and the time for the laser to switch between each point was 6.5 s (Otsu et al., 2008) . Using such settings, the acquisition rate ranged from 450 to 2000 Hz. Both green and red fluorescence were acquired at the same time. Single and bursts of five APs at 50 Hz were evoked after a baseline period. Optical signals were recorded with custom-built software written in Labview.
Data analysis. Electrophysiological data was analyzed using Clampfit 10.2 software (Molecular Devices) and Igor Pro 6.3 (Wavemetrics). The rise time of EPSCs was measured as the 20 -80% rise time. The decay of EPSCs was measured from 100 to 37%. The paired-pulse ratio (PPR) was measured by dividing the average amplitude of the responses to the second stimulus by the average amplitude of the first response. The coefficient of variation (CV) was measured as the SD of EPSCs () divided by the mean ():
For nonstationary variance-mean analysis, the variance of EPSCs was plotted against the peak amplitude, and the data were fitted with a linear function constrained to the origin (Eq. 1) or with a compound binomial function (Eq. 2):
2 ϭ Qx ,
in which 2 is the variance, Q is the quantal size, n is the number of release sites, and x is the average EPSC amplitude (Lawrence et al., 2004) . Based on our measurements, CV was set at 0.45. To measure the Q initial , the points corresponding to the first two stimuli on the variance-mean plot were fit with a straight line. Covariance analysis was performed on the same trains of EPSCs (Scheuss and Neher, 2001; Scheuss et al., 2002) . The covariance (Cov) between two successive EPSCs in the train was calculated using the following formula (Scheuss et al., 2002) :
where I is the EPSC amplitude, I is the mean of EPSCs for a given stimulus number, i is the EPSC position in the train, R is the total number of train, and r is the train number. From this, the quantal size was estimated using the covariance using the following formula (Scheuss et al., 2002) :
Calcium signals were analyzed offline in Igor Pro 6.3. Changes in fluorescence intensity (⌬G/G) were calculated as (G Ϫ G 0 )/G 0 , where G is the green fluorescence intensity, and G 0 is the baseline fluorescence (averaged over 50 -100 ms). Similarly, ⌬G/R was calculated as (G Ϫ G 0 )/R and represents the change in OGB-1 fluorescence normalized to Alexa Fluor-594 fluorescence, averaged over the whole recording duration ( R). Amplitudes of the calcium transients evoked by one AP were measured at the peak. Sizes of boutons were measured in ImageJ (NIH). All bars show SE, unless otherwise stated (see Fig. 4 and corresponding data). Paired and unpaired Student's t tests were used, with *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results

Two mechanisms support short-term facilitation at MF-CA3 synapses
In a behaving animal, a typical granule cell discharges infrequently but fires APs in high-frequency bursts (Csicsvari et al., 2003; Pernía-Andrade and Jonas, 2014) . MF-CA3 synapses show markedly high-frequency-dependent facilitation both in vitro (Jung and McNaughton, 1993; Urban et al., 2001) and in vivo (Klausnitzer and Manahan-Vaughan, 2008) . We intended to investigate the mechanisms that allow sustained short-term facilitation at MF-CA3 synapses by varying the external Ca 2ϩ concentration to explore the effect of release probability. As expected, raising the external Ca 2ϩ concentration from 1.2 to 2.5 mM sharply reduced the failure rate of evoked EPSCs (43.2 Ϯ 10.3 to 5.2 Ϯ 2.5%; p Ͻ 0.0001) and significantly increased their potency (68 Ϯ 7.1 to 249.8 Ϯ 30 pA; p Ͻ 0.0001). During bursts of stimuli at high frequency (five pulses at 50 Hz), EPSCs were strongly facilitated in both conditions (1.2 mM Ca 2ϩ , 68 Ϯ 7.1 to 216.8 Ϯ 32.3 pA; 2.5 mM Ca 2ϩ , 249.8 Ϯ 30 to 849.7 Ϯ 108.5 pA; Fig. 1 A, B1) . The rise time of EPSCs evoked in 2.5 mM Ca 2ϩ became progressively slower during the trains (first EPSC, 0.59 Ϯ 0.04 ms; fifth EPSC, 0.70 Ϯ 0.04 ms; n ϭ 11; p ϭ 0.0013), whereas the rise times of EPSCs evoked in 1.2 mM Ca 2ϩ were significantly faster in the end of the trains (first EPSC, 1.07 Ϯ 0.20 ms; fifth EPSC, 0.73 Ϯ 0.08 ms; n ϭ 8; p ϭ 0.038; Fig. 1B2 ). However, the decay was not changed (Fig. 1B3) . Surprisingly, our data showed that, even though the facilitation reached similar levels after five pulses (percentage of first stimulus, 329 Ϯ 49% in 1.2 mM Ca 2ϩ and 358 Ϯ 48% in 2.5 mM Ca 2ϩ ; p Ͼ 0.5), the time course was significantly different in the two conditions. Although the amplitude increased linearly with the stimulus number in 2.5 mM Ca 2ϩ (r 2 ϭ 0.983), a power law (3.34 Ϯ 0.2) better described the facilitation observed in 1.2 mM Ca 2ϩ (Fig. 1B4 ) . Accordingly, the PPR for two adjacent stimuli varied in different directions. In the presence of 2.5 mM Ca 2ϩ , the PPR was lowest for the last pair of stimuli but highest for the last pair of stimuli in conditions of low release probability (Fig. 1C1) .
Measuring the CV of EPSC peak amplitude revealed a significant increase in CV during brief trains of stimuli recorded in 1.2 mM Ca 2ϩ (first stimulus, 0.46 Ϯ 0.06; fourth stimulus, 0.63 Ϯ 0.06; p ϭ 0.0067). In contrast, the CV was significantly decreased during bursts of EPSCs in 2.5 mM Ca 2ϩ (first stimulus, 0.44 Ϯ 0.4; fifth stimulus, 0.24 Ϯ 0.2; p ϭ 0.0002; Fig. 1C2 ). To visualize and characterize these variations, we performed a CV analysis (Faber and Korn, 1991) . Plotting the ratio of CV Ϫ2 as a function of the PPR clearly showed segregated data points during the train. Individual points fell on the identity line in 2.5 mM Ca 2ϩ , whereas data points obtained in 1.2 mM Ca 2ϩ were found on or under the y ϭ 1 line (Fig. 1D) . Therefore, two different mechanisms contributed to short-term facilitation. According to classical interpretation of the CV analysis (Faber and Korn, 1991), our results reveal that short-term facilitation in elevated external calcium should be mediated by an increase in the number of release sites ( N), whereas it would likely involve an increase in the quantal size ( Q) in conditions of lower release probability.
Increasing extracellular calcium could potentially raise the general excitability of the hippocampal slice or alter the properties of the AP (Schneggenburger et al., 1999) , thereby directly interfering with our analysis. We addressed this possibility in two independent ways. First, we explored whether the two mechanisms could coexist in the same extracellular calcium concentration. To test this hypothesis, we recorded long trains of EPSCs (10 stimuli, 20 Hz) in 1.2 mM extracellular Ca 2ϩ . EPSCs were readily facilitated during the train (first EPSC, 80.6 Ϯ 12.7 pA; 10th EPSC, 509.4 Ϯ 77.9 pA; n ϭ 10; p ϭ 0.0002; Fig. 2 A, B, top) . Additionally, the CV of EPSCs was increased in the beginning of the train before declining significantly below the initial value by the 10th stimulus (first EPSC, 0.47 Ϯ 0.04; 10th EPSC, 0.3 Ϯ 0.04; n ϭ 10; p ϭ 0.0072; Fig. 2B , bottom). Performing CV analysis on this dataset clearly showed two distinct components, with the first four initial points constrained around the y ϭ 1 line, and the last four points increasing linearly (Fig. 2C) . A shift occurred on average at the fifth stimulus in the train, followed by a short plateau (Fig. 2C ). However, it is important to note that the threshold for the switch varied across cells, indicating that it may depend on the intraterminal calcium concentration, reflected in the probability of release. Furthermore, this short plateau may represent the combination of both mechanisms contributing to short-term facilitation at the same time. Therefore, these data show that the two mechanisms can cooperate and be recruited sequentially in physiological conditions to mediate short-term facilitation at MF-CA3 pyramidal cell synapses.
Second, we reasoned that, if the observed switch in mechanism depends on the level of calcium invading the presynaptic terminal, then buffering intracellular calcium while leaving extracellular calcium unchanged should replicate the switch in mechanism observed in low and elevated calcium conditions (Zucker and Regehr, 2002) . To investigate this possibility, we took advantage of the membrane-permeable form of the slow calcium chelator EGTA (EGTA-AM) that de-esterifies and accumulates to millimolar concentrations in the terminals but remains inert in the extracellular space (Atluri and Regehr, 1996; Hefft and Jonas, 2005). EPSCs were evoked at 20 Hz for 0.5 s in 2.5 mM Ca 2ϩ concentration and in the presence of EGTA (EGTA-AM; 100 M), which markedly reduced the size of all EPSCs in the train (62.1 Ϯ 5% of control for the first EPSC in the train; p Ͻ 0.001; Fig. 2D ; Castillo et al., 1996; Salin et al., 1996; Tzounopoulos et al., 1998) . In line with previous studies, shortterm facilitation was also strongly attenuated by EGTA-AM (Castillo et al., 1996; Salin et al., 1996; Blatow et al., 2003) , but clear short-term facilitation was still present (Fig. 2E ). Additionally, after application of EGTA-AM, CV analysis showed a switch in the mechanism recruited for short-term facilitation of EPSCs, qualitatively identical to the difference observed between 1.2 mM Ca 2ϩ and 2.5 mM Ca 2ϩ (Fig. 2F ) . Indeed, the data points moved from the identity line to the y ϭ 1 line. Furthermore, the (red) and 2.5 mM (black) external calcium. B1, Summary graph of EPSC amplitude shows the facilitation of EPSCs at two different release probabilities. B2, Graph of EPSC rise time as a function of stimulus number shows the gradual decrease in EPSCs rise time in low extracellular calcium (*p Ͻ 0.05, 1st EPSC vs 5th EPSC) and a slight increase in conditions of elevated extracellular calcium (**p Ͻ 0.01, 1st EPSC vs 5th EPSC). B3, Decay of EPSCs was constant during trains of EPSCs in both conditions. B4, Normalized EPSC amplitude as a function of stimulus number demonstrates that short-term facilitation of EPSCs does not occur at the same rate at different release probabilities. C1, Accordingly, the PPR of two adjacent stimuli changed in opposite directions during trains of EPSCs in both conditions. C2, The CV was significantly increased during trains evoked in 1.2 mM extracellular calcium (**p Ͻ 0.01, 1st EPSC vs 4th EPSC), whereas a decrease was observed in elevated Ca 2ϩ conditions (***p Ͻ 0.001, 1st EPSC vs 5th EPSC). D, CV 2 ratios within subsequent events in the train plotted against normalized EPSC amplitudes. This analysis illustrates the changes observed in CV and PPR during trains of facilitating EPSCs, revealing the contribution of two different mechanisms to short-term facilitation.
EGTA-AM data reveal that, although it could suppress the increase in N, as shown by CV analysis, buffering intracellular calcium was insufficient to completely abolish short-term facilitation at MF-CA3. Indeed, a large fraction of short-term facilitation mediated by an increase in Q remained. These results suggest that the mechanism supporting an increase in N is loosely coupled to the source of calcium entry in the presynaptic terminal (Borst and Sakmann, 1996; Meinrenken et al., 2002; Eggermann et al., 2012; Vyleta and Jonas, 2014) , although there is a tight coupling between the calcium entry site and the mechanism involved in the increase in Q because it was unaffected in the presence of EGTA-AM (Hefft and Jonas, 2005; Bucurenciu et al., 2008 ).
Short-term facilitation is of presynaptic origin
Our results indicate that short-term facilitation at MF-CA3 pyramidal cells first involves an increase in Q, followed by an increase in N. Classically, an increase in N would be expected to be of presynaptic origin. For example, the recruitment of additional release sites would be attributed to the presynaptic terminal and could occur through elevated residual calcium, recruitment of additional calcium sources, or activation of autoreceptors (Contractor For instance, local dendritic depolarization could relieve the magnesium blockade of NMDA receptors in the postsynaptic domain and allow their activation, therefore contributing to short-term facilitation by increasing the conductance evoked by neurotransmitter quanta. Although short-term facilitation was reported to be presynaptic at MF-CA3 synapses (Salin et al., 1996) , we investigated whether the postsynaptic domain could also contribute to facilitation of EPSCs. To explore whether short-term facilitation can be observed at the postsynaptic site at MF-CA3 pyramidal cell synapses, we adapted a two-photon glutamate uncaging approach. This method allows highly focalized activation of postsynaptic glutamate receptor without interference from presynaptic release mechanisms (Denk et al., 1990; Callaway and Katz, 1993) . To simulate glutamate release from MFs, two-photon glutamate uncaging was performed on 10 points for 100 s each around a thorny excrescence on the apical dendrite of CA3 pyramidal cells in stratum lucidum (Fig. 3A) . Single-spine photostimulation generated large EPSCs (potency, 60.3 Ϯ 11.4 pA; n ϭ 4 cells). Interestingly, no significant facilitation of EPSCs was observed, independently of the uncaging pulses frequency (20 Hz: fifth/first EPSC, 117.4 Ϯ 8.9%, n ϭ 3 cells; 50 Hz: fifth/first EPSC, 90.9 Ϯ 4.7%, n ϭ 4 cells; Fig. 3 B, C) . . B, Graphs of EPSC amplitude and CV as a function of stimulus number show the initial increase in CV followed by a gradual decrease during trains of facilitating EPSCs (**p Ͻ 0.01, 1st EPSC vs 10th EPSC). C, CV analysis reveals that the two distinct mechanisms are successively involved in short-term facilitation. The arrow points to the fifth stimulus, in which a change in data distribution is observed and corresponds to a shift in the facilitation mechanism. D, EPSCs recorded in 2.5 mM external Ca 2ϩ (black traces) and in the presence of the membrane-permeant slow calcium chelator EGTA-AM (100 M, red traces). E, Graphs of normalized EPSC amplitude and CV during the trains. Note that the gradual decrease in CV is abolished in the presence of EGTA-AM. F, CV analysis in 2.5 mM external Ca 2ϩ and in the presence of EGTA-AM reveals a shift in the mechanism for short-term facilitation.
Indeed, the amplitude of EPSCs remained stable in trains compared with electrically evoked EPSCs that always demonstrated extensive short-term facilitation (Figs. 1, 2) . By selectively bypassing the presynaptic terminal using two-photon glutamate uncaging, our results demonstrate the absence of short-term facilitation mediated at the postsynaptic domain. Therefore, both mechanisms involving increases in Q and N during high-frequency bursts at MF-CA3 pyramidal cells synapses are presynaptic.
Gradual increase in Q during trains in conditions of low release probability Presynaptic mechanisms provide a fast and efficient means to expand the range over which single MF-CA3 synapses can support neurotransmission from granule to CA3 pyramidal cells during short bursts of high-frequency activity. Accordingly, we aimed to quantify how short-term facilitation is shaped by changes in Q and N. To measure quantal parameters, we performed nonstationary variance-mean analysis in conditions of low and elevated extracellular Ca 2ϩ and compared the quantal size and the number of release sites. The first and last EPSCs recorded in small bursts of five stimuli at 50 Hz were stable over time in both conditions (Fig. 4 A, B) . Fitting the initial portion of the variance-mean plot with a linear function in low and high release probability conditions revealed a markedly lower Q initial in 1.2 mM Ca 2ϩ (Q 1,2 , 31.8 Ϯ 2.7 pA; n ϭ 9) than in 2.5 mM Ca 2ϩ (Q 1,2 , 50.4 Ϯ 0.9 pA; n ϭ 10; Fig. 4C ). Based on this result and on CV analysis indicating a change in Q during the trains in 1.2 mM external Ca 2ϩ , we thought that the quantal size could change during the train in low release probability conditions. Therefore, we added subsequent stimuli one at a time to the fitted portion of the data to investigate this possibility. Our results show a gradual increment of the quantal size during the train in 1.2 mM extracellular Ca 2ϩ (Q 1,2 , 31.8 Ϯ 2.7 pA; Q 1-3 , 39.4 Ϯ 4.1 pA; Q 1-4 , 52.3 Ϯ 6.1 pA; Q 1-5 , 48.8 Ϯ 4 pA; n ϭ 9; Fig. 4C ) but not in 2.5 mM extracellular Ca 2ϩ (Q 1,2 , 50.4 Ϯ 0.9 pA; Q 1-3 , 52.2 Ϯ 0.9 pA; Q 1-4 , 49.3 Ϯ 1.6 pA; Q 1-5 , 45.6 Ϯ 2.4 pA; n ϭ 10; Fig. 4C ). A limitation of this approach is that the linear fitting procedure includes previous EPSCs, and it could potentially underestimate measurements of Q later in the train (Scheuss et al., 2002) . Therefore, to provide a more accurate measure of how Q changes during the train for a given stimulus, we used a covariance analysis on the same dataset (Scheuss and Neher, 2001; Scheuss et al., 2002) . This analysis confirmed the significant and gradual increase in Q during the train in low release probability conditions (Q 1,2 , 24 Ϯ 6.8 pA; Q 4,5 , 50 Ϯ 9.7 pA; n ϭ 9; p ϭ 0.02). However, in agreement with our previous findings, Q was unchanged during the train in 2.5 mM external Ca 2ϩ (Q 1,2 , 54.9 Ϯ 6.3 pA; Q 4,5 , 51.3 Ϯ 8.5 pA; n ϭ 10; p ϭ 0.74; Fig. 4E ).
CV analysis indicates that a change in the number of release sites is associated with short-term facilitation in conditions of elevated release probability. To address whether N is increased in 2.5 mM extracellular Ca 2ϩ , we recorded EPSCs in response to longer bursts (10 stimuli, 50 Hz; Fig. 4F ) to further increase the release probability to approximate N. Because the variance-mean data approached and reached a plateau, it could be fitted with a compound binomial function (Reid and Clements, 1999; Clements and Silver, 2000) . The number of release sites was remarkably higher in 2.5 mM Ca 2ϩ (16.2 Ϯ 2.5 release sites) than in 1.2 mM Ca 2ϩ (6.8 Ϯ 2 release sites; Fig. 4G ). This shows that additional release sites are recruited to mediate neurotransmission in higher release probability conditions.
Altogether, these data indicate that a gradual increase in the quantal size is responsible for the facilitation of EPSCs in 1.2 mM Ca 2ϩ and that the number of release sites is greatly increased in 2.5 mM Ca 2ϩ . Accordingly, short-term facilitation is shaped by a gradual increase in Q during trains in conditions of low release probability, whereas Q is already at maximal levels in conditions of 2.5 mM external Ca 2ϩ . Furthermore, the number of release sites mediating neurotransmitter release is increased by more than twofold in elevated calcium conditions, thereby providing a means for increased neurotransmission during short-term facilitation at MF-CA3 synapses.
Increased cleft glutamate concentration during facilitation in conditions of low release probability
The gradual increase in Q observed in conditions of low release probability could be mediated by the liberation of additional ves- (Tong and Jahr, 1994) . At MF to CA3 pyramidal cells synapses, multivesicular release was suggested by means of release rate analysis (Hallermann et al., 2003) . In line with this conclusion, our results support a gradual increase in Q during trains of facilitating EPSCs. Accordingly, the synchronous release of additional vesicles at a single release site could explain the increase in Q during the trains.
Thus, to investigate whether multivesicular release is the mechanism involved in short-term facilitation of EPSCs in 1.2 mM Ca 2ϩ , we used the low-affinity AMPAR antagonist ␥-DGG. This compound blocks EPSCs mediated by lower cleft glutamate concentration more effectively than EPSCs evoked by higher cleft glutamate (Wadiche and Jahr, 2001). If during a paired-pulse stimulation paradigm the second facilitating EPSC is blocked to a lesser extent than the first, we could conclude that higher glutamate concentration is present in the synaptic cleft. Previously, we performed control experiments to validate the ability of the drug to partially block AMPARs and reduce EPSC amplitude in our conditions.
As expected, higher concentrations of ␥-DGG blocked EPSCs to a greater extent (Fig. 5A ) but did not significantly affect the kinetics of EPSCs (Fig. 5B) . We then investigated the effect of ␥-DGG on the PPR of facilitating EPSCs. In 2.5 mM external Ca 2ϩ , 500 M ␥-DGG inhibited both EPSCs similarly (PPR control, 2.48 Ϯ 0.47; PPR ␥-DGG, 2.20 Ϯ 0.54; n ϭ 4; p ϭ 0.11). This effect was independent of the concentration of the low-affinity antagonist, because 2 mM ␥-DGG likewise had no effect on the PPR (PPR control, 2.52 Ϯ 0.46; PPR ␥-DGG, 2.63 Ϯ 0.34; n ϭ 5; p ϭ 0.46). Thus, these data were pooled. In contrast, in low external calcium, we observed that the first EPSC was significantly more inhibited by ␥-DGG than the second (first EPSC, 57.7 Ϯ 6.1% inhibition; second EPSC, 46.7 Ϯ 7.2% inhibition; n ϭ 11; p ϭ 0.0006; Fig. 5 ), which was reflected by an increased PPR measured in ␥-DGG (PPR control, 1.6 Ϯ 0.08; PPR ␥-DGG, 5 and 2 mM) . B, Effects of ␥-DGG (0.5 and 2 mM) on EPSC amplitude and kinetics (**p Ͻ 0.01, control vs ␥-DGG). Amp., Amplitude. C, Example recordings of EPSCs evoked by paired-pulse stimulation (50 Hz) before and after application of ␥-DGG (0.5 mM) in ACSF containing 1.2 mM (red) and 2.5 mM (black) Ca 2ϩ . Bottom, EPSC averages normalized to the first stimulus before (dark traces) and after (light traces) application of ␥-DGG in both conditions. D, Summary graphs of ␥-DGG effect on the PPR in 2.5 mM (black) and 1.2 mM (red) external Ca 2ϩ (**p Ͻ 0.01, control vs ␥-DGG). E, TBOA had no effect on the PPR after application of ␥-DGG in 1.2 mM external Ca 2ϩ . Ctl, Control.
2.05 Ϯ 0.13; n ϭ 11; p ϭ 0.007). Furthermore, 500 M ␥-DGG had a significantly larger inhibitory effect on the first EPSC evoked in 1.2 mM Ca 2ϩ than on the first EPSC evoked in 2.5 mM Ca 2ϩ (1.2 mM Ca 2ϩ , 57.7 Ϯ 6.1% inhibition, n ϭ 5; 2.5 mM Ca 2ϩ , 37.2 Ϯ 2.9% inhibition, n ϭ 11; p ϭ 0.01; Fig. 5 ), possibly reflecting the larger initial Q observed in 2.5 mM Ca 2ϩ (Fig. 4 ) and suggesting that multivesicular release is already fully operational for the first EPSC evoked in conditions of elevated calcium. Together, these data show that cleft glutamate concentration is increased for the second stimuli in 1.2 mM Ca 2ϩ but not in 2.5 mM Ca 2ϩ and that cleft glutamate concentration for single stimulus is higher in conditions of elevated release probability.
The short distance between multiple release sites at MF-CA3 synapses (Rollenhagen et al., 2007) could confound interpretation of these results in low external calcium. Although unlikely because of the low release probability conditions, glutamate spillover between adjacent releases sites (Barbour and Häusser, 1997; Rusakov and Kullmann, 1998; Auger and Marty, 2000) could be responsible for the increase in cleft glutamate concentration observed (Satake et al., 2012) . To rule out this possibility, we coapplied the glutamate transporter antagonist TBOA (10 M) after ␥-DGG (Wadiche and Jahr, 2001) . If the increase in PPR results from glutamate spillover between release sites, then TBOA should increase this effect and a larger PPR should be observed. In the five neurons investigated, the PPR was similarly increased by ␥-DGG alone and by ␥-DGG plus TBOA (control, 1.66 Ϯ 0.16; ␥-DGG, 2.2 Ϯ 0.26; ␥-DGG ϩ TBOA, 2.27 Ϯ 0.26; n ϭ 5; p ϭ 0.35; Fig. 5E ). These results suggest that there is an increase in cleft glutamate concentration during trains in 1.2 mM Ca 2ϩ . Therefore, synchronization of multivesicular release is the mechanism that supports short-term facilitation of EPSCs in conditions of low release probability.
Calcium stores contribute to synchronization of multivesicular release Next, we thought to address the mechanisms synchronizing multivesicular release during trains of stimuli. Initially, we decided to look whether calcium release from intracellular stores could be the trigger for the synchronized release of multiple vesicles, as is the case in other systems (Llano et al., 2000; Gordon and Bains, 2005) . At MF-CA3 synapses, calcium stores contribute to the total presynaptic calcium influx (Scott and Rusakov, 2006; Scott et al., 2008; Shimizu et al., 2008) and to short-term facilitation in certain conditions (Carter et al., 2002; Lauri et al., 2003) . To examine the role of presynaptic calcium stores at MF terminals, we recorded EPSCs in control conditions and in the presence of the SERCA pump inhibitor CPA (30 M) to block calcium uptake in calcium stores and render them ineffective. CPA application did not have a significant effect on the basic properties of EPSCs (success rate, amplitude, rise time, decay , and CV) in either low (n ϭ 13) or normal (n ϭ 8) extracellular calcium (Fig. 6 A, B) .
We then addressed whether CPA had any effect on short-term facilitation during trains of EPSCs. We observed no effect of CPA on EPSC amplitudes in trains of stimuli recorded in 2.5 mM Ca 2ϩ (control: first EPSC, 176.9 Ϯ 54.4 pA; fifth EPSC, 542.1 Ϯ 114.2 pA; CPA: first EPSC, 161.9 Ϯ 51.3 pA; fifth EPSC, 454.2 Ϯ 121.4; n ϭ 8; p ϭ 0.23; Fig. 6D1 ). In contrast, CPA significantly decreased the amplitude of EPSCs in trains of stimuli in 1.2 mM Ca 2ϩ (control: first EPSC, 54.9 Ϯ 10.8 pA; fifth EPSC, 239.9 Ϯ 41.4 pA; CPA: first EPSC, 39.6 Ϯ 7.1 pA; fifth EPSC, 132.1 Ϯ 28.4; n ϭ 8; p ϭ 0.002; Fig. 6D2 ). These results suggest that calcium stores play a key role in the regulation of multivesicular release at MF-CA3 synapses.
Our previous results suggest that multivesicular release is already fully working in conditions of elevated extracellular Ca 2ϩ . However, we noted no effect of CPA application on short-term facilitation in 2.5 mM extracellular Ca 2ϩ . To resolve this contradiction, we hypothesized that, in conditions of high extracellular Ca 2ϩ , the contribution of Ca 2ϩ stores is likely to be irrelevant to the synchronization of multivesicular release, because the terminal is already overwhelmed by a high concentration of Ca 2ϩ . Although the release from calcium stores still occurs and does contribute to the total calcium elevations observed in large MF boutons in 2 mM extracellular Ca 2ϩ (Scott and Rusakov, 2006, Scott et al., 2008) , it no longer appears to be an essential factor in the synchronization of multivesicular release (Fig. 6) . In addition, previous studies demonstrated the absence of effect when calcium stores were blocked in high release probability conditions (Carter et al., 2002; Lauri et al., 2003) but a strong effect in conditions of low release probability. Thus, the entry of a higher concentration of calcium in conditions of elevated release probability could be sufficient by itself to fully synchronize multivesicular release. If our hypothesis is correct, CPA should have an effect on short-term facilitation in conditions of 2.5 mM extracellular calcium in the presence of EGTA-AM, because the excessive calcium invading the terminal in high release probability conditions will be buffered. Indeed, our results showed that the combined application of EGTA-AM and CPA not only diminished the facilitation significantly more than EGTA-AM alone (Fig. 2E ) but surprisingly completely abolished short-term facilitation at the MF-CA3 synapse (control: first EPSC, 177.7 Ϯ 33.9 pA; 10th EPSC, 720.9 Ϯ 117.2 pA; EGTA-AM ϩ CPA: first EPSC, 34.9 Ϯ 13.6 pA; 10th EPSC, 37.5 Ϯ 11.8 pA; n ϭ 5; p ϭ 0.0038 for 10th EPSC in control vs drugs; Fig. 6 E, F ) . Overall, these results suggest that the contribution of calcium stores in high release probability conditions is negligible to short-term facilitation. Additionally, in conditions in which additional release sites cannot be recruited and intracellular calcium is buffered (EGTA-AM), short-term facilitation is controlled by the activation of calcium stores and also by the accumulation of intracellular calcium at the release site. Indeed, the buffering provided by EGTA when calcium stores are blocked was sufficient to fully abolish short-term facilitation at MF-CA3 synapses.
Intraterminal calcium hotspots support recruitment of additional release sites
Our results showed that only a partial block of short-term facilitation mediated by an increase in N was possible with application of the slow calcium chelator EGTA-AM, suggesting that this mechanism is supported by loose coupling between Ca 2ϩ entry site and the site of exocytosis (Borst and Sakmann, 1996; Meinrenken et al., 2002; Vyleta and Jonas, 2014) . A hallmark feature of MFs is the large number of adjacent release sites formed by a single bouton on its CA3 pyramidal cell target (18 -45 active zones, separated by as few as 450 nm; Rollenhagen et al., 2007) . Additionally, a global buffering of calcium is observed in MF boutons after activity (Vyleta and Jonas, 2014) . Therefore, we posited that loose coupling between Ca 2ϩ channels and neighboring release sites could allow diffusion of calcium ions between neighboring sites of exocytosis to favor the recruitment of additional release sites by increasing global residual calcium or bound calcium buffer after an AP (Vyleta and Jonas, 2014) .
If this hypothesis is valid, calcium microdomains of variable amplitudes evoked by a single AP should be observed inside large MF boutons. The existence of such heterogeneity in calcium microdomains was demonstrated in large squid axonal terminals (Llinás et al., 1992 (Llinás et al., , 1995 Sugimori et al., 1994) but was not investigated in mammalian central synapses. We probed intraterminal calcium microdomains using a combination of randomaccess two-photon microscopy and electrophysiology. As a first step, we measured the point spread function (PSF) of the optical system using subresolution fluorescent beads to predict the volume of our measurements and to verify that single-point scanning sites could be recorded independently from each other. Because the PSF was determined to be 600 nm in the longest axis (Otsu et al., 2008) , we chose to analyze intraterminal calcium elevations at locations separated by no less than this distance. The axial PSF was ϳ1.2 m, such that recordings obtained for single points are in fact volume-averaged measurements. To allow for uniform diffusion of a known dye concentration in the axonal structures and to unambiguously identify the presynaptic terminals, we performed whole-cell patch-clamp recordings from single granule cells (Yasuda et al., 2004) . Recordings were started 1 h after the whole-cell configuration was obtained to allow for equilibration of the dyes; for cells with an intact axon, its projection was traced to CA3 (n ϭ 8 neurons of 21 granule cells attempted; Fig. 7A ).
Given the large size of MF boutons (area in the imaged plane, 12.51 Ϯ 1.45 m 2 ; n ϭ 8 boutons; Fig. 8B ) and a PSF of area 0.28 m 2 , 30 -50 calcium microdomains could be recorded independently and simultaneously in response to single APs. Care was taken not to analyze points separated by a distance inferior to the PSF (Fig. 7B) , although adjacent points were sometimes recorded and used as a control. Similar to previous results (Scott and Rusakov, 2006) , calcium elevations in MF boutons evoked by single APs were highly robust and never failed (n ϭ 8 boutons; Fig. 7C ). The calcium elevations recorded at various points in the MF boutons showed a high degree of variability (Fig. 7D) , suggesting a varying influx of calcium in the different regions of the terminals.
Because the z-axis profile of the boutons could vary in the imaged plane, we obtained volume-independent measurements of calcium transients by normalizing the increase in calcium indicator with the fluorescence measurement of the morphological dye Alexa Fluor-594 (Hildebrand et al., 2009; Fig. 8A) . Therefore, calcium transients were normalized using the ⌬G/R ratio to account for possible nonhomogeneities in bouton morphological structures. After this normalization process, calcium elevations remained highly variable at different points. To quantify the heterogeneity of calcium elevations across different locations in the boutons, we measured the SEM across points during recordings. Plotting the SE of ⌬G/R in time revealed a significant increase in SE in response to 1 AP, suggesting that calcium elevation was non-uniform in the bouton (Fig. 8D) . Furthermore, the peak SE observed for a single AP was similar to the peak error observed for five APs (Fig. 8A) . Although this could be interpreted as activity-dependent standardization of the calcium elevation across the bouton, it is more likely to reflect the saturation of OGB-1 in the presence of higher intracellular calcium. Therefore, our results show that the calcium elevations in large MFs are heterogeneous and compartmentalized.
Compartmentalization of calcium microdomains is restricted to large MF terminals in granule cell axons
Based on anatomical properties, boutons could be separated in two groups: (1) large MF boutons with filopodial extensions; and (2) small terminals protruding on the axon corresponding to en passant boutons (Fig. 8B ). In line with the morphological characteristics of these terminals, the area of the structures in the imaged plane was significantly larger for the MF boutons than for the small en passant boutons (MF boutons, 12.5 Ϯ 1.45 m 2 , n ϭ 8; en passant boutons, 5.74 Ϯ 0.77 m 2 , n ϭ 7, p ϭ 0.0017; Fig.  8A ). However, the amplitude of calcium elevations generated by Calculation of the SE between recorded points shows no increase in the deviation from the mean (C2) unlike in giant MF boutons (A1). D, Quantification of the increase in SE by comparing the peak SE observed during the baseline (Base.) to the peak of the SE measured during one AP (**p Ͻ 0.01, baseline vs 1 AP). E, Heat map of calcium elevations observed in the bouton shown in Figure 7 obtained by convoluting color-coded pixels according to calcium elevation amplitude. Color scale shows that warmer colors are associated with a larger ⌬G/R ratio. Scale bar, 5 m. F, Summary diagram depicting how compartmentalized intraterminal calcium contributes to short-term facilitation at MF-CA3 synapses, with the synchronized release of additional vesicles at a single release site followed by the recruitment of additional release sites.
one AP in these two groups was identical (MF boutons, 0.0240 Ϯ 0.0043; en passant boutons, 0.0233 Ϯ 0.0028, ⌬G/R; n ϭ 7; p ϭ 0.88). Although a large variation was observed in bouton size within the MF bouton population, no significant correlation could be found between the area in the imaged plane and the amplitude of the calcium transients ( p ϭ 0.41, Pearson's rank correlation). Finally, we thought to investigate whether heterogeneous intraterminal calcium elevations are a feature of large MF terminals or whether they can also be found in small en passant boutons. Variance between points recorded in en passant boutons was measured similarly to MF boutons (Fig. 8C) . In contrast to large MF boutons, no calcium hotspots in response to an AP could be observed in small en passant terminals, as revealed by the uniform calcium transients recorded and the measured SE of ⌬G/R (MF boutons, 143.8 Ϯ 6.5% of baseline, n ϭ 8, p ϭ 0.0017; en passant boutons, 103 Ϯ 2.7% n ϭ 7, p ϭ 0.29; Fig. 8D ).
To better illustrate the non-uniform calcium elevations recorded in single MF boutons, we superimposed the measured values of peak calcium transients (⌬G/R) on their corresponding position in the bouton and color coded the pixels as a function of calcium transient amplitude (Fig. 8E) . A 3D Gaussian blur was applied to the image, with a radius corresponding to the measured PSF. Although limited by various factors, including the size of the PSF, the properties of the calcium indicator, and the convolution itself, the topographical calcium map generated illustrates the highly heterogeneous calcium microdomains present in large MF terminals (Fig. 8E) .
Discussion
Short-term facilitation of MF inputs to CA3 pyramidal cells is a key feature of this synapse. Our data describe the mechanisms that are responsible for this fast and robust increase in glutamate release during high-frequency granule cell firing. We found that the switch from univesicular to multivesicular release and the recruitment of additional release sites supports facilitation as the probability of release increases with the number of stimuli. We also found that calcium elevation in MF terminals is nonuniform, leading to the development of distinct presynaptic calcium microdomains.
Increasing the number of vesicles that are released in response to a single stimulus can be a very effective way to increase or decrease synaptic efficacy. Multivesicular release has been shown to contribute to both short-and long-term forms of synaptic plasticity (Reid et al., 2004; Bender et al., 2009; Kuzmiski et al., 2010; Quinlan and Hirasawa, 2013) . Changes in the prevalence in multivesicular release can be bidirectional, leading to synaptic depression in which LTD is expressed presynaptically (Lei and McBain, 2004; Qiu and Knöpfel, 2009) . Neuromodulators can also influence this presynaptic mechanism, leading to transient changes in glutamatergic transmission (Gordon and Bains, 2005) . Our data show that the switch from univesicular to multivesicular release at MF terminals only can be observed at lower (1.2 mM) Ca 2ϩ concentrations; this value is compatible with the estimated concentration of extracellular Ca 2ϩ in in vivo conditions (Jones and Keep, 1988; Chauvette et al., 2012) , suggesting that an alteration in the number of vesicles released during AP firing can be a key element of short-term changes in synaptic strength. However, at higher extracellular calcium concentrations or in later segments of longer trains, multivesicular release was already operational and did not contribute to additional increases in glutamate release. Under this condition, we found that the number of functional release sites could explain the constant and robust increase of postsynaptic responses. According to our results, the consistently larger PPR recorded in 2.5 mM extracellular Ca 2ϩ could indicate that the recruitment of additional release sites increases the EPSC amplitude more than synchronization of multivesicular release. The increase in the number of release sites traditionally was attributed to long-term changes in synaptic connectivity patterns (Faber and Korn, 1991) or to the unveiling of silent synapses (Reid et al., 2004; Kerchner and Nicoll, 2008) . Our findings are compatible with the scenario in which the increase in N is the result of increase in p among individual release sites operating with very different initial release probability. When p is low, only a subpopulation of release sites would be functional, but as p increases, even release sites with very low initial release probability would contribute to the release of glutamate. Although it is difficult to know whether the recruitment of additional release sites is the result of calcium buildup or the activation of supplementary calcium channels at more depolarized potential, highly compartmentalized calcium domains in the terminal could explain heterogeneity of release probability among individual release sites.
Calcium dynamics gates MF-CA3 short-term facilitation
A gradual increase in presynaptic calcium concentration controls short-term facilitation during repetitive activity at MF-CA3 synapses (Regehr et al., 1994; Scott and Rusakov, 2006) . How is this summation achieved? Propagation of APs to MF boutons triggers the opening of P/Q-, N-, and R-type voltage-gated calcium channels (VGCCs) (Castillo et al., 1996; Breustedt et al., 2003; Pelkey et al., 2006) , with P/Q-type VGCCs contributing the major fraction of intrabouton calcium elevations (Pelkey et al., 2006; Li et al., 2007) . Activity-dependent broadening of APs will increase the total presynaptic calcium through the recruitment of additional VGCCs and their prolonged opening (Geiger and Jonas, 2000) . Once calcium invades the terminal, the concentration can be further elevated by activation of calcium stores but will be rapidly buffered by endogenous calcium binding proteins. Both mechanisms support short-term facilitation at MF-CA3 synapses (Geiger and Jonas, 2000; Lauri et al., 2003; Vyleta and Jonas, 2014) .
Intracellular calcium stores are expressed in MF boutons (Petukhov and Popov, 1986; Padua et al., 1991) and contribute up to 20% to AP-evoked calcium elevations in MF terminals (Liang et al., 2002; Scott and Rusakov, 2006; Scott et al., 2008; Shimizu et al., 2008) . Interestingly, Lauri et al. (2003) showed the importance of calcium stores for short-term facilitation of EPSCs in conditions of 2 mM extracellular calcium but that calcium stores do not contribute to short-term facilitation in 4 mM calcium (Carter et al., 2002) . However, these experiments were done at room temperature. Given that all our experiments were performed at near physiological temperature and that presynaptic calcium entry and calcium buffering are highly temperaturedependent processes (Beierlein et al., 2004; Nouvian, 2007) , our results agree with these findings. Thus, in low release probability conditions, intracellular calcium stores will boost calcium inside the terminal and produce increased glutamate release.
It was demonstrated recently that global instead of local calcium buffer saturation in MF boutons contributes to short-term facilitation (Vyleta and Jonas, 2014) . Our results are in strong agreement with this finding, in addition to demonstrating the increase in the number of release sites recruited during shortterm facilitation. As the intensity of activity increases, release sites that were at first inactive can sense the general increase in activity through the globalized saturated calcium buffers. As such, an initially low increase in intraterminal calcium will cause a larger
